Detailed morphological data of vascular smooth muscle cells (VSMC) of coronary arteries were limited. The present study was to quantify dimensions and orientation of swine coronary VSMC and to develop a micro-structural constitutive model of active media. It was found that geometrical parameters of VSMC (length, width, spatial aspect ratio, and orientation) follow normal distributions, and VSMCs orientate towards the circumferential direction of vessels with oblique and symmetrical angles. A micro-structural model of media layer was developed to accurate → accurately predict biaxial active responses of coronary arterial media, based on experimental measurements. The present morphological data base and micro-structural model lead to a better understanding of biomechanics of muscular vessels.
Introduction
Many mechanical models of blood vessels suggested uniaxial active constitutive relations, based on one-dimensional length-tension relationships of vascular smooth muscle cells (VSMCs) in the circumferential direction of vessels. Some studies, however, observed significant biaxial responses (circumferential and axial) of blood vessels during vasoconstriction [1] [2] [3] [4] [5] , which cannot be explained by previous uniaxial active models. The significant axial active response may be induced by VSMC helical orientation [6] [7] [8] [9] and/or multi-axial active responses of individual VSMCs [2, 3, 10, 11] . The arrangement of VSMCs, however, has been debated in literature. VSMCs were found to align in the circumferential direction in some studies [6, [12] [13] [14] , while they were observed to be oblique in others [6] [7] [8] [9] .
The present study aimed to describe biaxial vasoactivity by a micro-structural constitutive model of coronary artery, which accounts for geometrical and mechanical properties of individual collagen fibers, elastin fiber and VSMCs, respectively [11] . The morphology of VSMCs must be measured by using confocal microscopy, and four geometrical parameters (length, width, spatial aspect ratio, and orientation) were then quantified, and the deformation of individual VSMCs under various pressure distensions was also measured. Based on measured geometrical and deformation features of VSMC, a microstructural constitutive model, including muscle contraction was proposed to describe the biaxial contraction of coronary arterial media.
Methods

Preparation of Samples
6 hearts of healthy pigs were used in present study. The coronary arteries were dissected from hearts and cleaned carefully. 6 segments of ~2 cm in length of each heart were prepared for 6 different distension pressures. A custom-made excess surface-area balloon tip catheter was inserted into each segment and distended to fully transmit pressure to the vessel lumen [15] . The distended segments were immersion-fixed in 0.8% methanol-free paraformaldehyde solution, the osmolarity of which was adjusted to 292 ± 11 mOsm) with pH of 7.4, mimicking the osmolarity of normal extracellular fluids to avoid cell shrinkage and swelling [16] . The segment was then fixed at room temperature for 48 hrs for later preparing of histological sections. 5 × 5 mm 2 cross-sections were then sectioned from the segment and the circumferential direction was marked after distention-fixation. The adven-titia was peeled off carefully from the vessel to expose media layer. The main protein type of the cellular cytoskeleton, F-actin, and the cellular nucleus were labeled (by Alexa Fluor 488 phalloidin and DAPI) to track geometries of VSMC under different distension loads. The sections were wet mounted on microscope slides using a glycerin-water mixture and then viewed under a FV1000-MPE confocal microscope with a 60 × 1.1NA water immersion objective. Each segment was scanned at 3 different locations for each loading condition. The six loading conditions were considered: 1) zero-stress state (ZSS); 2) no-load state (0 mmHg distension); 3) 40 mmHg distension; 4) 80 mmHg distension; 5) 120 mmHg distension; and 6) 160 mmHg distension.
Measurement of VSMC Geometry
The geometry of VSMCs was determined by four parameters: length, width, spatial aspect ratio, and orientation angles (the circumferential direction of vessel was taken as 0 o and the axial direction as 90˚). The orientation of the VSMC was measured using an automated algorithm, and dimensions of VSMCs were directly measured on confocal images [11] . The cell length and width were determined by the major and minor axes of each cell, and the aspect ratio, featuring the cell shape, was identified by the ratio of length to width of a given cell. The RGB image of the nucleus was first converted to a binary image, where the nucleus-containing pixels were clearly distinguished from the background by median filtering. The geometrical parameters of the nucleus were calculated automatically based on this binary image [11] . The measured result was expressed as the mean, mean ± SD (standard deviation), of all measured cells in the images. The significance of the difference between the parameter under various loads was evaluated by a one-way ANO-VA test (SigmaStat 3.5), while the results were considered statistically different when P < 0.05.
Microstructure-Based Constitutive Model of Active Coronary Media
The media segment was considered as a thin-walled elastic tube deformed in the circumferential and axial directions. A previously proposed structural constitutive model was used to describe the mechanical response of passive coronary media [17, 18] , which contains isotropic inter-lamellar (IL) elastin networks and helically oriented collagen fibers:
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w e k e ∂ ∂ = , with the material parameter E k representing the stiffness of the elastin, and C k and C N representing the stiffness and nonlinear parameter of collagen. The passive strain energy of the coronary media passive W was calculated by taking the sum of the strain energies of the elastin and collagen networks; i.e., (
E , and the second Piola-Kirchhoff stress was accordingly determined by ( )
The total strain energy of media is the sum of the active and passive contributions, and the active strain energy is dominantly contributed by active VSMC. Taking into consideration two families of helical VSMC with symmetrical angles, it can be given as: 
where VSMC θ is the orientation angle of VSMC, VSMC w is multi-axial strain energy of a single VSMC and VSMC f is the volume fraction. A two-dimensional generalization of the uniaxial length-tension relation of active VSMC [19] was used to account for the multi-axial active response of VSMC [2, 3] : 
where ( )
dinal stretch ratio of a VSMC (i.e., cell stretch), and We used biaxial data of coronary media obtained in our previous study [3] 
with F presenting the axial force. The material parameters were determined by minimizing the square of the difference between the theoretical and experimental passive and active circumferential and axial 2nd Piola-Kirchhoff stresses [11] . The predicted strain-stress curves were thus determined by Equations (1)- (3).
Results
The probability distribution functions of cell geometrical parameters were found to follow to continuous normal or bimodal normal distributions ( Table 1) at ZSS. The length of individual VSMC was 56.0 ± 10.3 µm which is larger than that of the nuclei (15.0 ± 4.7 µm) while their widths were similar (3.9 ± 0.7 µm vs. 3.4 ± 0.8 µm). The means of aspect ratio of the VSMC and the nuclei were 14.7 ± 3.5 and 4.6 ± 1.7, respectively. VSMC aligned off the circumferential direction of the vessel with a bimodal distribution with a mean angle of ± 18.7˚ ± 10.9˚, consistent with the angle of the nucleus ± 19.9˚ ± 10.7˚. The VSMC of passive coronary media deformed significantly with an increase in distention pressure ( Figure  1) . The cells gradually shifted in the circumferential direction at elevated pressure. The VSMC were significantly Table 2 . The length of VSMC raised significantly and nonlinearly (P < 0.05), with increase of distension pressure, while the length of the nuclei increased relatively slightly. The change of VSMC length increased sharply from the no-load state to 80 mmHg distention and became plateaued at higher pressure. The widths of VSMC and the nuclei did not change significantly under all pressures (P > 0.05) (insignificant changes were not listed in Table 2 ). Accordingly, the aspect ratio of VSMC increased nonlinearly, while that of the nuclei did not change significantly (P > 0.05). The orientation angles of VSMC and the nuclei decreased nonlinearly from the no-load state to 160 mmHg distension (P < 0.05).
The predicted reorientation of VSMC, determined by 
Discussion and Summary
Detailed morphological data of coronary media was collected and then was used to construct a micro-structure- based model of active coronary media, which accounts for material properties of individual collagen and elastin fibers, and VSMCs. The measured VSMC orientation and distribution implies that VSMC constriction generates not only circumferential active stress, but also axial active responses in coronary arteries [11] . The nonlinear geometrical parameter-pressure relations of VSMC and nuclei, consistent with that of the outer diameter of vessels, suggest that recruited collagen fibers either in media or adventitia prevent the intact vessel as well as VSMC from overstretch at high pressure [12, 15, 20, 21] . Additionally, the deformation of individual VSMC was found to be affine. VSMC connect with the extracellular matrix (ECM) via focal adhesion and the deformation thus strongly depends on ECM deformation as well as the macroscopic deformation of blood vessels. It is likely that flexible actin filaments deform with ECM through dense bodies in passive tissue such that collagen and elastin fibers follow affine deformation [22, 23] . VSMC become stiffer during vasoconstriction due to the forces generated by actin-myosin interaction and tensile properties of cytoskeletal filaments increase significantly in contraction. Hence, the affine deformation assumption needs to be directly tested in active VSMC. Moreover, the elongation of the nuclei suggested that the tension developed by the cytoskeleton is transferred to the nuclei which may influence gene transcription and cellular phenotypes [14, 24] . Consequently, the determination of strain and stress on individual VSMC is essential for better understanding of VSMC functions in normal and diseased arteries. This requires the development of microstructure based models to accurately predict the micro-environment of cells and nuclei.
The biaxial vasoactiviy of blood vessels were found in many studies. Huo et al. found that the porcine coronary artery displayed significant biaxial vasoconstriction induced by a K+ physiological saline solution [2, 3] . Lu and Kassab [1] observed that there were significant axial force changes during vasomotions of carotid and femoral arteries, and Hayman et al showed that VSMC vasoconstriction reduced artery buckling as compared with relaxed conditions [5] , indicating that vasoactivity may shorten the artery in the axial direction. These studies suggest that the biaxial vasoactivity of arteries is related to the helical structure of VSMC in muscular arteries. When assuming a simple one-dimension constitutive law for active VSMCs, the ratio of active axial to circumferential stresses was predicted as 0.12 for any axial stretch ratio, which was significantly lower than experimental measurements ( ≈0.6). It suggests that there exists multi-axial VSMC vasoconstriction in coronary media. The axial active response was principally induced by the multi-axial contraction of VSMC, denoted by the mean ratio of transversal to axial active stress of a single muscle fiber (0.4), while the oblique VSMC arrangement contributed about 30%. With the influence of helical orientation of VSMC, the larger axial stretch ratio 1.3 z λ = further stretches the oblique VSMC and the peak active stresses, thus occurs earlier than that of 1.2 z λ = . The present micro-structural model, based on a structural passive model and a two-dimensional model of active VSMC [2, 3] , can accurately predict the biaxial vasoactivity of coronary media based on the measured microstructure [11] . Some limitations need to be mentioned. First, a threedimensional constitutive model should be developed for individual active VSMCs, and a three-dimensional micro-structural model for vessels can be further proposed. Second, the present model does not account for the VSMCs in the lamella adjacent to intima or adventitia, where VSMC aligned towards the axial direction [14, 25] and may contribute partially to the biaxial active response of blood vessels. Finally, a microstructure-based model of the entire vessel (adventitia and media), should be integrated to investigate macro-and micro-scopic mechanical behaviors of active vessels [3, 26] .
In summary, the present study provided morphological data of VSMCs of coronary media, based on which an active biaxial microstructure-based constitutive model was developed. The micro-structural model can accurately predict the biaxial mechanical responses of coronary media, and provides a more accurate framework for the biomechanics of blood vessels.
